Abstract Hypertension and associated cardiovascular diseases represent the most common health complication of obesity and the leading cause of morbidity and mortality in overweight and obese patients. Emerging evidence suggests a critical role for the central nervous system particularly the brain action of the adipocyte-derived hormone leptin in linking obesity and hypertension. The preserved ability of leptin to cause cardiovascular sympathetic nerve activation despite the resistance to the metabolic actions of the hormone appears essential in this pathological process. This review describes the evidence supporting the neurogenic bases for obesityassociated hypertension with a particular focus on the neuronal and molecular signaling pathways underlying leptin's effects on sympathetic nerve activity and blood pressure.
Introduction
The modern obesity epidemic is threatening to reduce life expectancy due to the many health complications associated with this condition. Indeed, an increase in fat mass is associated with a number of comorbidities including diabetes and cardiovascular disease. Hypertension, which is a major risk factor for cardiovascular diseases, is commonly associated with obesity. In fact, estimates suggest that excess adiposity accounts for 65-75 % of essential hypertension (i.e., high blood pressure with unknown secondary cause) [1] . Thus, understanding the underlying mechanisms of obesityinduced hypertension has the potential to reduce cardiovascular disease.
Obesity is not only a significant risk factor for hypertension but also an indicator of poor response to treatment, as obese patients are more likely to have resistant hypertension, that is, to have uncontrolled blood pressure despite the use of three or more antihypertensive medications [2] . This highlights the need to understand the mechanisms linking obesity and hypertension to develop more effective treatment strategies.
While peripheral mechanisms including chronic inflammation, physical compression of the kidneys, and vascular dysfunction have been proposed as potential mediators of obesity-associated hypertension, there has been substantial evidence supporting a critical role for the central nervous system in driving this linkage. Data from human studies as well as animal models have suggested that obesity leads to alterations in autonomic regulation, particularly an increase in sympathetic nerve activity to various tissues [3] . Indeed, obesity-induced hypertension has been linked to increased sympathetic outflow to the kidney, which leads to increased fluid retention and vasoconstriction, as well as activation of the renin-angiotensin system; together, these promote an increase in arterial pressure [4] . Current research suggests that these changes during obesity are driven by neurohumoral processes. In this review, we will discuss the neurogenic mechanisms of obesity-induced hypertension with a particular focus on the role of leptin and the signaling pathways associated with the leptin receptor.
Obesity as a Major Risk Factor for Hypertension
Epidemiological and longitudinal studies have documented a strong relationship between obesity and hypertension [5] . Moreover, clinical and animal studies have shown that weight gain increases blood pressure whereas weight loss through diet and exercise or bariatric surgery lowers blood pressure, establishing a causal relationship between obesity and hypertension [6] [7] [8] . In fact, several studies have demonstrated that weight loss results in a decrease in blood pressure even among obese individuals with clinically normal blood pressure [9] . Weight loss decreases not only the autonomic contribution to blood pressure but also improves vascular function, which is frequently impaired in obesity [10] .
Strikingly, obesity is associated with cardiometabolic dysfunction even in children, with increasing body mass index correlating with higher systolic blood pressure, total cholesterol levels, and fasting blood glucose in obese 3-19 year olds [11••] . Consistent with this, a large study of 2.3 million Israeli adolescents has recently shown that childhood obesity and even elevated body mass index within the normal range correlate with an increased risk of cardiovascular-related death in adulthood [12] . Visceral adiposity in particular carries an increased risk of adverse cardiovascular events, insulin resistance, and resistant hypertension [13] [14] [15] .
Sympathetic Nerve Activation in Obesity
The increased sympathetic tone in human obesity was documented by different means including catecholamine spillover, microneurography, and pharmacological approaches [5] . All these methods have shown elevated sympathetic nerve activity (SNA) in obese hypertensive subjects compared to lean controls with the SNA returning to normal levels after weight loss implicating adiposity as the main cause of the sympathetic nerve activation [16, 17] . This is further supported by longitudinal studies as well as feeding experiments demonstrating that weight gain is commonly associated with an increase in SNA. It is interesting to note that elevated SNA is frequently detected in obese normotensive subjects [5, 18, 19] . This sympathetic overactivity observed in obese normotensives may contribute to several complications that are found in these subjects including an increase in arterial stiffness and atherosclerosis [20, 21] . A decrease in the SNA may explain the weight loss-induced decrease in blood pressure commonly observed in obese normotensive subjects [22] .
Additional evidence implicating the sympathetic nervous system in obesity-induced hypertension derives from animal studies. Several animal models of obesity and particularly those with diet-induced obesity exhibit an increased baseline sympathetic tone, which can be revealed by catecholamine spillover or by direct recording of sympathetic neural discharge from the nerves subserving different tissues. In a longitudinal study using radiotelemetry recording of SNA in rats, Muntzel et al. showed that lumbar SNA begins to increase shortly after starting an obesogenic diet and become significant by the 12th day of the diet [23] . Blood pressure, plasma norepinephrine, and renal SNA were also found to be elevated after only 1-3 weeks of high-fat feeding in rabbits [24] . Renal denervation leads to a rapid and sustained reversal of hypertension in dogs with diet-induced obesity, indicating that elevated renal SNA is driving this pathology [25] . It should be noted, however, that renal denervation studies in humans with resistant hypertension, many of whom are obese, have had mixed results, with the large, double-blinded Simplicity-3 trial showing a similar decrease in blood pressure after renal denervation and sham operations [26•] . This was surprising as smaller trials had shown positive results after renal denervation. Furthermore, autonomic inhibition via ganglionic blockade leads to a more significant reduction in blood pressure in obese patients compared to lean controls [27] .
Leptin Effects on Blood Pressure
Substantial evidence points to leptin as a critical link between obesity, sympathetic overdrive, and hypertension. Leptin is a 16-kDa adipocyte-derived hormone that circulates in proportion to fat mass and acts as a negative regulator of energy homeostasis. Leptin action in the brain decreases food intake and increases energy expenditure. Additionally, leptin increases SNA to a number of tissues including those involved in cardiovascular regulation such as the kidneys and blood vessels. These sympathoexcitatory effects of leptin have been shown to increase arterial pressure [28•] . In addition, transgenic mice that overexpress leptin independently from adipose tissue mass are lean, but develop hypertension that is sympathetically mediated, confirming that this hormone is a critical link between adiposity, sympathetic activation, and blood pressure elevation [29] .
In the context of obesity, exogenous administration of leptin fails to effectively regulate energy homeostasis while maintaining its effects on cardiovascular sympathetic outflow and blood pressure. This Bselectivity^in leptin resistance may explain the ability of leptin to drive hypertension and sympathetic overactivity in obesity [30] . This is further supported by the sympathoinhibition and hypotension induced by central blockade of leptin signaling in obese rabbits [31] . It should be noted that leptin deficient ob/ob mice as well as db/db mice that lack a functional leptin receptor develop severe obesity, but are normotensive [28•, 32] . While mutations in the genes encoding the leptin protein or its receptor are rare in humans, these individuals develop severe obesity, but have low or normal sympathetic tone and arterial pressure [28•, 33] . Together, these evidence demonstrates the requirement of leptin for hypertension to develop in obesity.
Interestingly, several studies have shown that especially among obese patients, serum leptin levels correlate best with subcutaneous abdominal fat mass, as opposed to visceral fat mass [34] [35] [36] . On the other hand, it is well established that visceral adiposity is strongly associated with cardiovascular risks. Thus, although it has been proposed that this is due to concurrent accumulation of fat at both depots, it is also likely that additional factors derived from visceral adipose tissue such as inflammatory mediators may contribute to the effect of body fat distribution on obesity-associated hypertension and other cardiovascular diseases. However, while it may not be the only contributing factor, as discussed above, leptin is necessary for the development of obesity-associated hypertension in humans and animal models.
Neuronal Substrates of Leptin Action
Leptin receptors are expressed in multiple regions of the brain as well as several other peripheral tissues. Interestingly, selective deletion of leptin receptors in neurons largely recapitulate the metabolic phenotype of whole-body leptin receptor deficient mice, pointing to the central nervous system as the predominant site underlying the metabolic actions of leptin [37] . Within the brain, the leptin receptor is present in several nuclei with the highest expression observed in the hypothalamus particularly the arcuate nucleus (Arc). Within the Arc, two molecularly distinct neuronal populations have emerged as major targets of leptin: the stimulatory neurons expressing proopiomelanocortin (POMC) and inhibitory neurons expressing agouti-related protein (AgRP). Recent studies have identified other neuronal populations within the Arc that are sensitive to leptin, but these are less well characterized.
POMC neurons produce melanocortin peptides including α-melanocyte stimulating hormone (α-MSH), an agonist of the melanocortin-3 (MC3R) and melanocortin-4 (MC4R) receptors located in the second-order neurons whereas AgRP neurons release AgRP the strong MC3R and MC4R antagonist. Thus, POMC and AgRP neurons are considered as critical antagonistic components of the melanocortin system. Leptin activates anorexigenic POMC neurons while simultaneously inhibit orexigenic AgRP neurons [38, 39] .
Substantial efforts have been directed at determining the importance of leptin receptors in various brain nuclei. Deletion or knockdown of the leptin receptor in many regions of the hypothalamus including the Arc, paraventricular nucleus (PVN), dorsomedial hypothalamus (DMH), ventromedial hypothalamus (VMH), and lateral hypothalamus (LH) was found to alter one or more aspects of energy homeostasis and impair the metabolic and/or anorectic effects of leptin. However, the obesity phenotypes developed by mice bearing disruption of the leptin receptor in various nuclei were modest when compared to the mice that lack the leptin receptor in the whole body or in the central nervous system. For example, although the Arc was widely considered a critical site of leptin action, leptin receptor deletion from POMC or AgRP neurons or both results in only mild, additive, weight gain [38] . Given the marked obesity of both leptin receptor and MC4R knockout mice, it is unclear why the phenotype of mice lacking leptin receptors in POMC and AgRP neurons is so mild, as these are thought to be the primary cells that act on MC4Rs. This has been interpreted as an indication that leptin act through a distributed brain network to regulate peripheral metabolism and that loss of leptin receptors in one brain region or specific population of neurons is not enough to cause metabolic derangements. Another potential explanation may relate to potential adaptations triggered by the loss of leptin receptors in specific neuronal populations such as POMC and AgRP neurons. Alternatively, it is possible that leptin action upstream of POMC and AgRP neurons and/or other factors that contribute to the activity of these cells contribute to obesity in the MC4R knockout mouse.
In contrast to the involvement of a distributed brain network in mediating leptin's effects on metabolism and energy homeostasis, many studies have shown that leptin action on a single brain nucleus is sufficient to drive its cardiovascular sympathetic effects. Several hypothalamic (e.g., Arc, DMH, and VMH) and extra-hypothalamic (e.g., the subfornical organ and the nucleus tractus solitarii) nuclei have been implicated in mediating the effect of leptin on renal SNA and/or blood pressure. These studies have for the most part utilized direct injection of leptin or pharmacological antagonists into specific brain nuclei or conditional knockout mouse models to selectively delete either the leptin receptor or its downstream components in specific nuclei or neuronal populations (Table 1) .
Direct injection of leptin into the Arc increased renal SNA as well as arterial pressure in rats demonstrating that action in this nucleus is sufficient to evoke the sympathetic and cardiovascular effects of leptin [41] . Conversely, Arc-specific deletion of the leptin receptor abolishes the ability of leptin to increase renal SNA and protects mice from an obesityassociated increase in blood pressure [40] . Conditional knockout mice that lack leptin receptors in POMC neurons are also resistant to leptin-induced increases in blood pressure and remain normotensive despite the presence of obesity and hyperleptinemia [42] . Thus, the leptin receptors in the Arc and more specifically POMC neurons appear critical for the sympathoexcitatory and pressor effects of leptin and for obesity-induced hypertension.
Additional evidence implicating the Arc in obesity-induced increases in sympathetic tone and blood pressure derives from studying patients and animal models bearing mutations in the MC4R which is thought to be the most common cause of human monogenic obesity accounting for as many as 6 % of early-onset severely obese cases [49] . Strikingly, patients with MC4R mutations have a much lower incidence of hypertension and on average have lower systolic and diastolic blood pressure and normal or decreased sympathetic tone as compared to obese-matched controls [50] . Mouse models of MC4R deficiency display similar sympathetic and hemodynamic phenotypes, exhibiting extreme obesity without an increase in sympathetic tone or blood pressure [51, 52] . Conversely, MC4R stimulation increased blood pressure even in obese patients, indicating that this axis is preserved in obesity [50] . Together, these findings strongly suggest that overactivation of the melanocortin system which is a downstream to leptin signaling may drive obesity-associated hypertension.
The various studies investigating the role of the hypothalamic nuclei other than the Arc in mediating the sympathetic and cardiovascular actions of leptin have yielded somewhat conflicting findings (Table 1) . For instance, one study demonstrated that leptin injection directly into the DMH or VMH but not the PVN is sufficient to increase blood pressure in rats [44] . Other investigators have shown no effect on baseline blood pressure of leptin receptor knockdown in the PVN, but that this prevented an increase in blood pressure after direct injection of leptin into the PVN [45] . On the other hand, injection of a leptin receptor antagonist into the VMH but not the DMH reversed the increases in blood pressure, heart rate, and renal SNA in high-fat-fed rabbits [43•] . Conversely, reactivation of leptin receptors only in the DMH increased blood pressure in high-fat-fed mice while DMH-restricted administration of a leptin receptor antagonist decreased blood pressure in mice fed a high-fat diet [28•] . Leptin injection into the NTS also increases SNA to the kidney but not the brown adipose tissue [46] while deletion of leptin receptors from the subfornical organ prevents leptin-induced renal but not brown adipose sympathetic nerve activation [48] . By contrast, leptin injection directly into the subfornical organ caused a decrease in blood pressure in young lean rats, an effect that was blunted in diet-induced obese rats [47] . The reasons behind the conflicting cardiovascular effects evoked from these various brain regions are unclear, but may be due to variations in methodologies, off target effects or unique physiology of the different species studied. Moreover, the mechanism whereby multiple brain sites are both sufficient and required for leptin to increase SNA and arterial pressure remains unclear and may be related to endogenous leptin action or compensatory mechanisms.
Molecular Pathways Underlying Leptin Action
Leptin action on a single neuron can activate multiple distinct intracellular signaling cascades (Fig. 1) which may explain the BAT SNA brown adipose tissue sympathetic nerve activity, BP blood pressure, HFD high-fat diet, HR heart rate, MAP mean arterial pressure, RSNA renal sympathetic nerve activity differential effects of leptin on metabolism and cardiovascular function. Leptin action on the long signaling b isoform of the receptor leads to the recruitment of Janus kinase 2 (Jak2) and subsequent phosphorylation of several tyrosine sites on the receptor itself as well as phosphorylation of signal transducer and activator of transcription 3 (STAT3) and STAT5. STAT3 activation leads to its dimerization and translocation to the nucleus, where it regulates transcription of neuronal excitation-related gene products including the neuropeptides POMC and AgRP. Leptin also activates the extracellular signal-regulated kinase 1/2 (ERK1/2) pathway as well as phosphoinositide 3-kinase (PI3K) axis, which induces a number of downstream signaling cascades including mammalian target of rapamycin complex 1 (mTORC1) and subsequently the ribosomal proteins S6 kinase and S6. These signaling pathways have been shown to have differential contributions to the metabolic and cardiovascular sympathetic effects of leptin, which will be described further below. Negative regulators of leptin signaling such as suppressor of cytokine signaling 3 (SOCS3) and protein tyrosine phosphatase 1b (PTP1b) may also play an important role in mediating obesity-associated hypertension.
STATs This signaling cascade is the most well-studied downstream mediator of leptin receptor activation. Mice that have disruption in Tyr1138 of the of leptin receptor making it unable to activation selectively STAT3 develop severe obesity and hyperphagia presumably due to loss of leptin ability to control metabolic function [53] . Similarly, disruption of STAT3 signaling specifically in neurons or in leptin receptor expressing cells cause weight gain in mice [54] . Surprisingly, mice in which Tyr1138 of the leptin receptor is mutated displayed normal renal sympathetic response to leptin indicating that STAT3 pathway is not required for renal sympathoexcitatory effect of leptin [55] . POMC neuron-specific STAT3 deletion leads to impairment of both the metabolic and blood pressure responses to leptin [56•] . Interestingly, despite the evidence implicating POMC neurons in leptin-mediated sympathoexcitation and blood pressure elevation, it has been proposed that POMC neurons are unlikely to be the source of leptin-mediated sympathoexcitation in obesity, as these neurons become leptin resistant during dietary obesity as indicated by the inability of leptin to induce STAT3 phosphorylation in the Arc neurons of diet-induced obese mice [57] .
Leptin activation of STAT5 has been implicated in the control of reproduction function, but not energy homeostasis [58] . The contribution of STAT5 to leptin control of SNA and blood pressure remain unknown.
PI3K Manipulation of leptin-dependent signaling pathways pharmacologically or through neuronal population-specific ablation points to differential roles for leptin-induced molecular signaling in metabolic and cardiovascular regulation, with Fig. 1 Activation of the long signaling form of the leptin receptor (LepRb) initiates multiple distinct intracellular signaling cascades, which are thought to differentially contribute to the metabolic and cardiovascular sympathetic effects of leptin. Epac1 exchange factor directly activated by cAMP 1, ERK1/2 extracellular signal-regulated kinases 1 and 2, GRB2 growth factor receptor-bound protein 2, IRS insulin receptor substrate, JAK2 Janus kinase 2, LepRb leptin receptor b, mTOR mechanistic target of rapamycin, mTORC1 mTOR complex 1, PI3K phosphatidylinositol-3-kinase, PTP1b protein tyrosine phosphatase 1b, PTPe protein tyrosine phosphatase e, Raptor regulator-associated protein of mTOR, S6 ribosomal protein S6, S6K S6 kinase, SHP2 Src-homology 2 domain-containing phosphatase 2, SOCS3 suppressor of cytokine signaling 3, STAT3 and 5 signal transducer and activator of transcriptions 3 and 5, TCPTP T cell protein tyrosine phosphatase, TSC1/2 tuberous sclerosis proteins 1 and 2 the PI3K/mTORC1 axis in particular, are important for leptin to increase renal SNA and blood pressure. Given the impaired STAT3 phosphorylation in some neurons during obesity, it is possible that other molecular pathway downstream of the leptin receptor such as the PI3K/mTORC1 axis mediate a preserved effect of leptin on cardiovascular SNA in obesity.
Pharmacological studies have pointed to mTORC1 signaling as an important pathway underlying the anorectic effect of leptin in rats [59] . Paradoxically, mice with increased mTORC1 activity in POMC neurons due to deletion of the endogenous mTORC1 inhibitor TSC1 are hyperphagic and obese, indicating that a precise balance of mTORC1 activity is necessary for appropriate energy equilibrium [60] . Interestingly, blockade of hypothalamic mTORC1 prevents the blood pressure and renal sympathetic responses to leptin, which is consistent with the requirement of upstream PI3K signaling for leptin's cardiovascular sympathetic action [61••, 62] .
ERK1/2
In contrast to PI3K/mTORC1 axis, pharmacological inhibition of the ERK1/2 pathway prevents leptin-evoked sympathoexcitation to brown adipose tissue, but not the kidney [63] . Thus, the ERK1/2 pathway appears to be more important for metabolic processes such as thermogenesis, as opposed to leptin's cardiovascular sympathetic effects. However, deletion of the protein tyrosine phosphatase Shp2 which is upstream to the ERK1/2 signaling from the forebrain or POMC neurons not only prevented the anorectic effects of leptin but also attenuated its pressor effect [64, 65] . While Shp2 regulates a number of intracellular processes with respect to leptin signaling it is generally recognized as a critical component of the ERK1/2 pathway, indicating that ERK1/2 may not exclusively regulate the metabolic effects of leptin.
Negative Regulators of Leptin Signaling SOCS3 expression is induced by leptin receptor activation and acts as a negative feedback inhibitor of leptin signaling (Fig. 1) . SOCS3 is often considered to be an important mechanism underlying leptin resistance, as its expression is elevated in the hypothalamus during obesity [66] . Inactivation of SOCS3 in neurons sensitizes mice to leptin and protects from diet-induced obesity. In contrast, SOCS3 deletion specifically in leptin receptor expressing cells unexpectedly fails to protect against dietinduced obesity [67] . It is likely that SOCS3 inhibition also results in sensitization to the cardiovascular sympathetic effects of leptin making it an ineffective target for treatment of obesity. Indeed, mice carrying a mutation in Tyr985 of the leptin receptor which prevents its interaction with SOCS3 have elevated baseline blood pressure and are more sensitive to the effects of leptin on arterial pressure and renal SNA [55] .
The protein tyrosine phosphatase PTP1b also acts as a negative regulator of leptin signaling, and its deletion from the whole body or specifically from neurons sensitizes mice to metabolic and cardiovascular effects of leptin, protecting against diet-induced obesity while increasing baseline blood pressure [68, 69] . PTP1b is unique in that it may interact with multiple leptin receptor-dependent signaling cascades. While PTP1b is best known for its action in dephosphorylating Jak2, it can also interact with insulin receptor substrate 1, which contributes to the PI3K/mTORC1 axis. Paradoxically, despite its seemingly ubiquitous role in leptin sensitization, PTP1b deletion specifically from POMC neurons impairs the blood pressure response to leptin, further supporting the idea that a precise balance of leptin signaling cascades is required for appropriate regulation of blood pressure [70] .
There are many other proteins that are known to inhibit leptin receptor signaling through various mechanisms (Fig. 1) . However, the significance of these inhibitory proteins for the cardiovascular and sympathetic effects of leptin has not been investigated.
Conclusions
Obesity-associated hypertension is a major risk factor for cardiovascular disease that affects a growing proportion of the population. Recent evidence supports a critical role for the leptin-melanocortin system in the pathogenesis of this disease. Data from obese humans as well as animal models have unequivocally established the close relationship between weight gain and hypertension and further demonstrate the importance of neurogenic mechanisms for this association. Elevated serum leptin levels combined with selective leptin resistance have emerged as potential mechanisms driving sympathetic activation and hypertension in obesity. Rare mutations in components of the leptin-melanocortin system as well as genetically modified mouse models have demonstrated a critical role for leptin in the development of obesity-associated hypertension, although it is unclear whether leptin alone is sufficient or if other processes are required.
More recent work has focused on specific neuronal and molecular pathways underlying the effects of leptin on metabolism and cardiovascular function, demonstrating several key leptin-responsive regions of the hypothalamus that may differentially contribute to these processes. The Arc, DMH, and VMH have all been proposed as critical brain regions for the cardiovascular effects of leptin, whereas leptin's anorectic and thermogenic effects appear to involve neurons distributed across multiple brain nuclei.
The ability of the leptin receptor to activate various downstream signaling cascades is consistent with the ability of leptin to influence different physiological processes. Whereas the ERK1/2 and PI3K pathways appear to uniquely underlie leptin's metabolic and cardiovascular sympathetic effects, respectively, STAT3 phosphorylation has been shown to play an important role in both of these processes. Furthermore, the interactions between these distinct neuronal and molecular signaling mechanisms in mediating obesity-associated hypertension are still under investigation, as it is unclear how individual molecular signaling cascades differentially contribute to leptin action in various neuronal populations.
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